ABSTRACT.-A previous study examined the sexual expression of cultured gametophytes of the Hawaiian endemics Sadleria cyatheoides and S. pallida grown on mineral-enriched agar. In the present work, we conducted field studies on the sexual expression of natural populations of Sadleria spp. gametophytes. Our primary goal was to compare field-collected data to the laboratory-based data of the earlier study to assess if the laboratory data were an accurate reflection of what is occurring in nature. Our results suggested that for generally inferring mating systems operating in nature, agar-based laboratory studies of gametophytes lead to the same conclusions as would observations of field-collected gametophytes. For detailed studies of gametophyte sexuality and development, however, an agar-based medium produces significantly different results than what is found among natural populations, although this may be true for any lab-based study regardless of growth medium. Thus, we suggest caution in the use of agar as a growth medium, and the use of laboratory conditions in general, for studies of fern gametophyte sexual development.
The gametophytes of homosporous ferns possess the ability to be either unisexual (antheridiate or archegoniate) or bisexual. In addition, they may undergo developmental sequences involving changes in sexuality over time due to genetic and/or environmental factors (Klekowski, 1969a; Greer & McCarthy, 1999) . Because gametophytes of most species are easy to grow in culture, many studies have been conducted on cultured gametophytes to assess such factors as sexual expression/ontogeny (e.g., Klekowski, 1969b) , antheridiogen production and response (e.g., Stevens & Werth, 1999) , and populational genetic load/isolate potential (Peck et al., 1990) . Numerous studies have employed data from lab-cultured gametophytes to make inferences about mating systems operating in nature (e.g., Soltis & Soltis, 1990 , and references therein; Chiou et al., 1998; Li & Haufler, 1999) . Although many studies have examined gametophytes that were cultured on mineral-enriched agar, several have employed various natural substrates (Rubin & Paolillo, 1983; Greer, 1993; Pangua et al., 1994; Lindsay & Dyer, 1996; Greer & McCarthy, 1999 ; see also Dyer, 1979 , and references therein). A few studies have combined genetic data from natural populations of sporophytes with laboratory data from cultured gametophytes to assess the relationship between gametophytic attributes and levels and patterns of populational genetic variation (e.g., Haufler & Soltis, 1984 , Ranker et al., 1996 . Nearly all studies that employ data from lab-cultured gametophytes have at least one assumption in common: that the patterns and processes observed in the laboratory are indicative of what is occurring in nature. At least one study, however, has demonstrated significant differences in the sexual expression of gametophytes collected from nature versus those cultured on mineral-enriched agar. Schneller (1979) found that 79.9% of gametophytes of Athyrium filix-femina (Woodsiaceae) collected from the wild were sexual, whereas those cultured were only 60.1% sexual. The proportions of gametophytes that were asexual, antheridiate, archegoniate, or bisexual differed between the two populations: wild-collected were 21.1% asexual, 49.6% antheridiate, 20.6% archegoniate, and 8.6% bisexual; lab-cultured were 39.9%, 30.5%, 27.3%, and 2.3%, respectively. These two distributions differ statistically (2 2 4 contingency table, lab vs. field by sexual category, v 2 4 100.55, df 4 3, p 0.001; our analyses). That study demonstrates that, at least for gametophyte populations of A. filix-femina, the sexual expression of gametophytes cultured on mineralenriched agar was not a good indicator of the sexual expression of gametophytes occurring in the wild population studied. Such comparisons are crucial to assess the veracity of data collected from artificially cultured gametophytes for inferring patterns and processes occurring in nature. Ranker et al. (1996) studied the sexual expression of lab-cultured gametophytes of two species of the endemic Hawaiian genus Sadleria, S. cyatheoides Kaulf. and S. pallida Hook. & Arn., grown on mineral-enriched agar. That substrate was chosen primarily for the sake of convenience and the ease of gametophyte manipulation. Observations were made on a total of 5,749 gametophytes from 26 sibships of S. cyatheoides and 3,032 gametophytes from 15 sibships of S. pallida (see Ranker et al., 1996 , for explicit methods). All gametophytes were sampled from multigametophyte cultures. Although the two species differed statistically in the exact proportions of gametophytes that were antheridiate, archegoniate, or bisexual, the overall pattern among sexual gametophytes was the same in the two species: a small proportion was antheridiate (grand means of 9.7% and 10.0% from S. cyatheoides and S. pallida, respectively), a larger proportion was archegoniate (84.7% and 81.2%), and a small proportion was bisexual (5.6% and 8.8%). The predominance of unisexual gametophytes was consistent with analyses of sporophyte-population surveys of allozymic variation from which Ranker et al. (1996) inferred that sporophytes of both species primarily arose via intergametophytic matings.
Another aspect of the study of Ranker et al. (1996) involved assessments of the ability of Sadleria spp. gametophytes to produce and respond to antheridiogen (Dö pp, 1950; Näf, 1979) . Based on an excess of antheridiate gametophytes in treatment vs. control cultures, Ranker et al. (1996) concluded that an antheridiogen system was operating in these species. These results are at least superficially incongruent with the data from the sexual expression studies described above; that is, one might expect to find a greater proportion of antheridiate gametophytes from multi-gametophyte cultures, due to the action of antheridiogen, than was observed in either species.
We conducted field studies on the sexual expression of natural populations of Sadleria spp. gametophytes. Our primary goal was to compare fieldcollected data to the lab-based data of Ranker et al. (1996) to determine if the laboratory data were an accurate reflection of what is occurring in nature.
In particular, we were interested in comparing gametophyte populations cultured in the laboratory to those sampled in the field for: 1) the ratio of asexual to sexual gametophytes; 2) the ratio of unisexual to bisexual gametophytes, among sexual gametophytes and, 3) the ratio of antheridiate to archegoniate gametophytes, among unisexual gametophytes.
MATERIALS AND METHODS
Five populations of Sadleria spp. sporophytes were located on the Hawaiian Island of Kauai in November, 1999. Three populations were mixtures of S. cyatheoides and S. pallida (populations CP-1, CP-2, and CP-3), one population was pure S. squarrosa (population S-1), and one population was pure S. unisora (population U-1). Populations CP-1, CP-2, CP-3, and U-1 were from the Hanalei District and population S-1 was from the Waimea District; exact localities are available from the first author. Samples of earthen or bryophyte-covered substrate approximately 10 cm by 10 cm by 1-2 cm (deep) were collected with a kitchen spatula from the vicinity of Sadleria sporophytes. Five to 10 of such samples were collected at each site. Samples were transported in plastic bags to the herbarium of the National Tropical Botanical Garden. Each sample was then inspected under a binocular dissecting microscope for the presence of Sadleria gametophytes, which could be distinguished from those of other species of ferns by the presence of distinctive glandular trichomes that are present on both gametophytes and sporophytes. Sadleria gametophytes were gently removed from the substrate, rinsed in water, and categorized under a compound microscope as belonging to one of four classes of sexuality: asexual, antheridiate, archegoniate, or bisexual. Only gametophytes with mature archegonia and antheridia were scored as bisexual.
RESULTS
We found and recorded observations from a total of 200 gametophytes across the five field populations surveyed, with individual sample sizes ranging from 26 to 67 (Table 1 ). All gametophytes sampled possessed notch meristems.
ASEXUAL VS. SEXUAL GAMETOPHYTES.-The percent ratio of asexual to sexual gametophytes in individual field populations ranged from 4:96 to 41:59 and, summed across populations, that ratio was 20:80 (Table 1) . The results summed across populations were significantly different from what was observed in the laboratory, where nearly the opposite percent ratio (74:26, asexual:sexual) was obtained across all sibships of both species (2 2 2 contingency table of asexuality/sexuality vs. lab/field, v 2 4 286.6, df 4 1, p 0.001). Similarly, the results summed across just those field populations likely to be mixtures of gametophytes that were conspecific with those cultured (CP populations) also exhibited a percent asexual:sexual ratio (18:82) that was significantly different from that of laboratory gametophytes (v 2 4 220.9, df 4 1, p 0.001). The percent ratio of asexual:sexual summed across laboratory sibships of S. cyatheoides was 76:24 and that in S. pallida was 69:31. UNISEXUAL VS. BISEXUAL GAMETOPHYTES.-Among the sexual gametophytes sampled, all field populations exhibited a predominance of unisexual gametophytes (Table 1) . Field populations did not differ statistically from laboratory populations in the ratio of unisexual to bisexual gametophytes, both summed across all field populations (v 2 4 0.001, p > 0.05) and summed across just the CP populations (v 2 4 0.462, p > 0.05).
ANTHERIDIATE VS. ARCHEGONIATE GAMETOPHYTES.-As with the ratios of asexual to sexual gametophytes, field-collected and lab-cultured gametophytes exhibited nearly opposite percent ratios of antheridiate to archegoniate gametophytes. The overall percent ratio in the field was 84% antheridiate to 16% archegoniate, among CP populations that ratio was 79:21, and that in the laboratory was 11:89. These field and laboratory proportions were significantly different from each other in total (v 2 4 584.2, df 4 1, p 0.001) and when comparing only CP populations to laboratory populations (v 2 4 397.6, df 4 1, p 0.001).
DISCUSSION
The results of our study of field-collected populations of gametophytes have important implications for the use and interpretation of data from labcultured gametophytes of Sadleria spp. and, possibly, of other taxa as well. ASEXUAL VS. SEXUAL GAMETOPHYTES.-The striking difference between laboratory and field gametophytes in the relative proportions of asexual-to-sexual (76) 1374 (24) 133 (10) 1164 (85) 77 (5) S. pallida 3032 2089 (69) 943 (31) 94 (10) 766 (81) 83 (9) Total 8781 6464 (74) 2317 (26) 227 (10) 1930 (83) 160 (7) gametophytes suggests that the laboratory conditions employed by Ranker et al. (1996) were a poor mimic of the natural environment in terms of simply allowing or forcing gametophytes to become sexual. Those laboratory conditions were similar to those that have been employed by numerous other investigators in studies of fern gametophytes. Thus, some factor or combination of factors in our laboratory cultures appears to have been inhibiting the development of sexual organs. One potential impact on inferences resulting from the laboratory data is that they would lead to an underestimate of the sexual reproductive potential of a population or species relative to those based on field observations, although Ranker et al. (1996) did not explicitly make any such inferences.
UNISEXUAL VS. BISEXUAL GAMETOPHYTES.-In both laboratory and field populations of gametophytes there was a predominance of unisexual gametophytes among those that were sexual. These results are similar to those from A. filix-femina (Schneller, 1979) and from Blechnum spicant (Blechnaceae; Cousens, 1979 Cousens, , 1981 . Among sexual field-collected gametophytes of B. spicant, 21% were bisexual and 79% were unisexual (Cousens, 1981) . Cousens (1979) agar-cultured gametophytes of B. spicant as isolated gametophytes and at moderate and high densities. Among sexual isolates, only 8% were bisexual and among both groups of multi-gametophyte cultures, 20% exhibited bisexuality. In terms of assessing the likelihood of unisexuality vs. bisexuality and, thus, the relative likelihood of intergametophytic mating vs. selfing, gametophytes cultured on mineral-enriched agar appear to behave in a manner consistent with development of gametophytes in nature.
ANTHERIDIATE VS. ARCHEGONIATE GAMETOPHYTES.-Among gametophytes of Sadleria spp. and A. filix-femina (Schneller, 1979) , there were significant differences in the ratio of antheridiate-to-archegoniate gametophytes in the laboratory vs. in the field [using Schneller's data from A. filix-femina, we analyzed a 2 2 2 contingency table of antheridiate vs. archegoniate by lab vs. field; v 2 4 29.07, df 4 1, p < 0.001]. In both cases, laboratory populations were generally mostly archegoniate and field populations were mostly antheridiate. These results are similar to those of Rubin and Paolillo (1983) where unisexual gametophytes of Onoclea sensibilis (Woodsiaceae) that were agar-grown were disproportionately archegoniate whereas those that were soil-grown were disproportionately antheridiate. Also, in field populations of B. spicant unisexual gametophytes were predominantly antheridiate (Cousens, 1981) . The relative proportions of antheridiate vs. archegoniate gametophytes in laboratory populations of B. spicant, however, varied with density (Cousens, 1979) . Among isolated gametophytes, all were archegoniate and all but one (98%) were archegoniate when cultured in moderate density (only one was antheridiate). By contrast, when cultured at high density, 96% of unisexual gametophytes were antheridiate and only 4% were archegoniate, similar to gametophytes collected from nature. Cousens attributed these differential patterns to a greater likelihood of antheridiogen effects at higher densities in the laboratory.
Laboratory studies of S. pallida, S. cyatheoides (Ranker et al., 1996) , A. filix-femina (Schneller, 1979) , and B. spicant (Cousens, 1979) have demonstrated that gametophytes of all of these species can produce and respond to the male-inducing pheromone antheridiogen, as has been shown for many other species of ferns (e.g., Näf, 1979; Schneller et al., 1990) . Thus, as was suggested for B. spicant, it is possible that antheridiogen has a greater effect in natural populations of Sadleria spp. and A. filix-femina than on agarcultured populations. The possibility that an agar-based medium directly inhibits antheridia formation and/or promotes archegonia formation, however, cannot be ruled out (see Rubin & Paolillo, 1983) .
Similarly, the impact of potential differences in the age structure of natural and cultured populations on sexual expression should also be considered. In laboratory cultures, gametophyte populations typically are established from single sowings of spores, resulting in nearly even-aged populations. In nature, gametophyte populations would presumably be composed of mixed-age individuals. Because gametophytes do not respond to antheridiogen after they reach the notch-meristem stage and because most gametophytes in an even-aged stand would reach that stage essentially simultaneously, few cultured gametophytes would become antheridiate due to antheridiogen response. That would be particularly true at low to moderate densities. By contrast, in a mixed-aged natural stand, antheridiogen-producing gametophytes may often already be present in a location when new spores arrive, thus causing newly produced gametophytes to become antheridiate. Thus for experimental studies of the mating systems of species in which an antheridiogen system is controlling sexuality in nature, and depending on the goals of a study, it is important to establish laboratory conditions that allow for effective antheridiogen-mediated interactions.
In conclusion, we found that for generally inferring mating systems operating in nature (i.e., relative likelihood of intra-vs. intergametophytic mating), agar-based laboratory studies of gametophytes would lead to the same conclusions as would observations of field-collected gametophytes in Sadleria spp. For detailed studies of gametophyte sexuality and development, however, an agar-based medium produced significantly different results than what we found among natural populations of gametophytes. Whenever an even-aged population is created in the laboratory, however, this may be true on any growth medium. Thus, as have others before us, we suggest caution in the use of agar as a growth medium, and laboratory conditions in general, for studies of fern gametophyte sexual development.
